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We have evaluated the current knowledge on peroxisome proliferation in yeast. In 
wild-type cells, peroxisomes multiply predominantly by fission at conditions that require 
peroxisome function(s) for growth. In cells that lack peroxisomes, for instance in pex3 
and pex19 mutants or in mutants that display inheritance defects, peroxisomes may form 
de novo. We propose a novel machinery for the de novo formation of peroxisomes in 
pex3 cells, in which new peroxisomes do not arise from the endoplasmic reticulum. 
This machinery is based on the recent observation that membrane vesicles are present 
in pex3 cells that display peroxisomal characteristics in that they contain specific 
peroxisomal membrane and matrix proteins. These structures are the source for newly 
formed peroxisomes upon reintroduction of Pex3. Furthermore, we critically evaluate the 
principles of sorting of other peroxisomal membrane proteins to their target organelle and 
the function of the endoplasmic reticulum therein. 
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INTRODUCTION 

Peroxisomes are highly versatile organelles that readily adapt 
their numbers and physiological function in relation to metabolic 
needs. This functional flexibility requires a careful regulation of 
controlling organelle number and size. The factors controlling 
organelle size are still an enigma. 

In yeast, low numbers of peroxisomes are normally present 
in cells grown at glucose excess conditions. However, when the 
cells are placed in media supplemented with carbon sources 
that require peroxisomal enzymes for growth (i.e., fatty acids, 
methanol, purines, and D-amino acids), organelle proliferation 
rapidly starts (Veenhuis et al., 1978). The mode of yeast perox- 
isome multiplication is still controversial. The current models 
range from the suggestion that in normal wild-type (WT) cells 
peroxisome multiplication exclusively results from fission to the 
view that all organelles form de novo from the endoplasmic retic- 
ulum (ER). Also combinations of these two modes have been 
suggested. 

This contribution presents a critical overview of recent data 
on peroxisome multiplication in yeast and proposes possible 
novel directions aimed at resolving the molecular mechanisms of 
peroxisome formation. 

PEROXISOME DEVELOPMENT 

The origin of peroxisomes is still controversial. Following their 
discovery, the organelles were considered to bud from the ER 
based on the observations that peroxisomes — and in particular 
young developing ones — were invariably seen in close contact 
with the ER. Since direct contacts between the organelles were 
not observed, the ER theory was replaced by a model of devel- 
opment by growth and fission of pre-existing ones (Lazarow 
and Fujiki, 1985). The first morphological data that suggested 
growth and fission came from kinetic studies using the yeast 



Hansenula polymorpha, shifted from glucose to methanol, con- 
ditions that require peroxisome enzymes for growth (Veenhuis 
et al., 1978). During growth on glucose, H. polymorpha cells 
contain a single peroxisome. In the first 6-8 h after the shift alco- 
hol oxidase and catalase, key peroxisomal enzymes of methanol 
metabolism, are synthesized and incorporate in the original 
organelles present in the glucose inoculum cells. After matura- 
tion, the organelle formed an extension that subsequently budded 
off and in turn grew (Figure 1). This way the cells formed 5-7 
organelles of approximately equal size (Figure 1) within a period 
of 24 h of growth. These morphological data were subsequently 
reinforced by biochemical data which indicated that peroxiso- 
mal matrix proteins were synthesized on free ribosomes in the 
cytosol (Goldman and Blobel, 1978; Fujiki et al., 1985) and post- 
translationally incorporated in the organelle by a unique protein 
translocation machinery (Lazarow and Fujiki, 1985). 

The first genetic support for the growth and fission model 
came from studies in the Tabak group, who identified the 
Saccharomyces cerevisiae dynamin-like protein (DLPs) Vpsl as a 
component involved in peroxisome fission together with actin 
and the class V myosin motor Myo2 being required for transport 
of newly separated organelles to the developing bud (Hoepfner 
et al., 2001). Studies in other yeast species, plant and mammals 
resolved another DLPs (designated Drpl, Dnml or DRP3 respec- 
tively) that is involved in peroxisome fission (Koch et al., 2003; 
Kuravi et al., 2006; Zhang and Hu, 2009). Interestingly, these pro- 
teins also play a role in mitochondrial fission. Subsequent studies 
identified additional components, namely the tail anchored pro- 
tein Fisl that, together with Mdvl (only in yeast) and, unique for 
S. cerevisiae, Cafl, are required to bind Dnml — but not Vpsl — to 
the target membrane (Motley et al, 2008; Nagotu et al., 2008a). 
In addition, Mffl and GDAP1 have been identified to control 
both mitochondria and peroxisome fission in mammalian cells 
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FIGURE 1 | Peroxisome multiplication imaged. Hansenula polymorpha 
cells are shifted from glucose- to methanol media, conditions that 
require peroxisome functions for growth. On glucose, characteristically a 
single peroxisome is present per cell (A) that — upon a shift to 
methanol containing media — incorporates alcohol oxidase (C), catalase 
and dihydroxyacetone synthase proteins, which are essential for growth 
on methanol. As a result the organelle increase in size (B) and, after 
maturation, forms a new organelle by fission (D) that subsequently will 



grow. A similar a-symmetric fission machinery is responsible for the 
administration of small organelles to the yeast bud (E). When the 
culture has reached the late exponential phase of growth, typically 4-6 
organelles are present of comparable shape. The cuboid shape is due 
to the presence of large luminal alcohol oxidase crystals. M, 
mitochondria; N, nucleus; P, peroxisome. Cells are fixed with KMn04, 
except (C,F), which are glutaraldehyde fixed. In these cells alcohol 
oxidase activity is demonstrated using CeCI3. 



(Gandre-Babbe and van der Bliek, 2008; Huber et al., 2013). With 
this, consensus had been reached in the field for the autonomous 
nature of peroxisomes for many years. 

This view changed again when the first data came available on 
the reintroduction of peroxisomes in cells lacking the organelles 
due to a mutation in a gene essential for peroxisome membrane 
biogenesis. Bulk of these studies were conducted with pex3 or 
pexl9 cells, in which the organelles reappeared after reintroduc- 
tion of the corresponding deleted gene, by a process often referred 
to as "de novo peroxisome formation" (Hoepfner et al., 2005; 



Kragt et al, 2005; Tarn et al., 2005; Haan et al., 2006). It is 
commonly accepted that peroxisomes, which form de novo, are 
not created from scratch, but originate from another membrane 
in line with the proposition "Omnis membrana e membrana" 
(Gtinther Blobel, Nobel Prize 1999). Most of the available experi- 
mental data point to the ER as a template for this pathway. 

With this, the question raised whether and in how far this 
process contributes to the total peroxisome population in WT 
cells. Indications for this came from studies in which VPS1 and/or 
DNM1 were deleted. In all yeast species studied this resulted in the 
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reduction of peroxisome numbers to generally only one organelle 
per cell. Under these conditions the de novo peroxisome forma- 
tion machinery is normally active since Dnml and Vpsl are not 
involved in this process (Motley et al., 2008; Nagotu et al., 2008b). 
Very recently, it was shown that a peroxisome-deficient pheno- 
type was obtained in mutant yeast cells in which both de novo 
synthesis and fission are blocked (in H. polymorpha pexll pex25 
cells), but not when only one of these processes was blocked in 
pexll or pex25 cells; (Saraya et al, 2011). This reinforces that 
in yeast the cellular peroxisome population can be maintained 
predominantly by fission (in pex25 cells). 

Taken all data together, fission appears to be the dominant 
mode of organelle maintenance in yeast although it cannot be 
excluded that few organelles are formed de novo too in WT cells. 
Evidence for the latter is however not observed. Possibly, the 
yeast model is not universal as data have been presented sug- 
gesting that in mammals de novo synthesis prevails in organelle 
formation (Kim et al., 2006). However, other studies indicate 
that mammalian peroxisomes also predominantly form by fission 
(Huybrechts et al, 2009; Delille et al, 2010). 

Clearly, organelle multiplication in substrate induced yeast 
cells serves different functions: in WT cells new organelles will be 
formed that will stay in the mother cell and mature to support 
growth on the carbon source that is supplemented for growth 
(i.e., oleate or methanol). On the other hand, organelles multi- 
ply dependent of the cell cycle to administrate new organelles to 
the daughter cell (Figure 2). While mother organelles are hooked 
up in the mother cell via the function of Inpl, these newly 
formed organelles bind Inp2, which is required for binding of 
the organelle to Myo2 and subsequent transport to the develop- 
ing bud (Fagarasanu et al, 2005, 2006; Knoblach et al, 2013). 
This suggests that upon peroxisome fission two types of organelles 
may form that biochemically differ. Possibly, this is related to 
the function of Pexl9. This suggestion is based on the important 
observation that Inp2 is not the sole determinant in Myo2 bind- 
ing in that Inp2 interacts with both Myo2 and Pexl9 to serve the 
function in organelle transport to the bud (Otzen et al, 2012). 
Therefore, it may well be that the availability of Pexl9 at the 
membrane (and thus Inp2 binding) is the key determinant that 
prescribes which organelle is donated to the bud and which one 
will stay in the mother cell to serve a function in optimal cell 
metabolism. 

Obviously, peroxisome fission and partition have to be care- 
fully controlled to sustain optimal cell health. Indeed, a mutation 
in human DLP1 results in a lethal phenotype (Waterham et al., 
2007). The fission process can be divided into three steps, namely 
the initial organelle elongation step, growth and constriction of 
the elongated organelle followed by the actual fission process. 
Various proteins have been suggested to be involved in perox- 
isome fission, including members of the Pexll and the Pex23 
protein families (Kiel et al., 2006). In yeast the molecular func- 
tion of most of these proteins is unknown except for Pexl 1 and 
Pex25 (Saraya et al., 2011). Opalinski and colleagues demon- 
strated that Pexl 1 is specifically involved in the initial membrane 
elongation process, a function that is mediated by an amphipathic 
a-helix located in the N-terminus of the protein and that is con- 
served between species (Opalinski et al., 2011). The principles of 



constriction are unknown but may, similar to mitochondria, be 
related to the function of the ER in conjunction with actin fil- 
aments. Scission is mediated by Dip's, i.e., Vpsl and Dnml in 
baker's yeast (Hoepfner et al., 2001; Kuravi et al, 2006) and Dnml 
in H. polymorpha (Nagotu et al., 2008b). 

Surprisingly, peroxisome fission is associated with a major 
rearrangement of various peroxisomal membrane proteins 
(PMPs) belonging to the importomer that are specifically donated 
to the developing small organelle (Cepinska et al., 2011). This 
process appeared to be dependent on the function of Pexll. 
In contrast to the bulk administration of PMPs to the small 
peroxisome, fluorescence microscopy analysis revealed that gen- 
erally very low levels of matrix components, often below the 
limit of detection, are included in these structures. Apparently, 
during yeast fission the developing bud is administrated with 
new organelles that are optimally equipped for their function 
in matrix protein import (thereby determining their future 
function!) rather than having an immediate function in cell 
metabolism (Figure 2). 

Obviously, peroxisome development requires functional inter- 
actions with other organelles, such as the ER, where most perox- 
isomal phospholipids are synthesized (Raychaudhuri and Prinz, 
2008) as well as with mitochondria, which synthesize cardiolipin, 
a lipid present in the peroxisomal membrane (Wriessnegger et al., 
2007), and heme (for catalase synthesis). So far, very little is 
known on possible physical interactions of peroxisomes and other 
organelles, which may contribute to various aspects of peroxi- 
some proliferation. 

De novo PEROXISOME FORMATION 
PEROXISOME REINTR0DUCTI0N IN pex3 YEAST CELLS 

The most extensively used experimental system to study de novo 
peroxisome formation in yeast is the reintroduction of peroxi- 
somes in pex3 strains in which a PEX3-GFP hybrid gene is placed 
under control of an inducible promoter (Hoepfner et al., 2005; 
Kragt et al, 2005; Tarn et al, 2005; Haan et al, 2006). Fluorescence 
microscopy (FM) analysis revealed that upon induction newly 
synthesized Pex3-GFP sorts to the ER, concentrates in foci fol- 
lowed by the formation of a pre-peroxisomal structure, which 
pinches off and develops into a nascent peroxisome. Alternatively 
two (S. cerevisiae; van der Zand et al., 2012) or multiple (Y. lipolyt- 
ica; Titorenko et al., 2000) types of vesicles have been proposed to 
pinch off from the ER, which subsequently fuse to form a nascent 
peroxisome. 

Invariably, these models predict that Pex3 initially sorts to 
the ER. This is strengthened by the finding that the extreme N- 
terminus of Pex3 proteins has characteristics in common with 
signal-anchor-like sequences, typical for authentic ER membrane 
proteins (Thorns et al., 2012; Fakieh et al., 2013). Another argu- 
ment for ER sorting of Pex3 is the observation that peroxisome 
reintroduction in S. cerevisiae pex3 cells is affected in a temper- 
ature sensitive sec61 mutant strain or upon depletion of Sec61 
(Thorns et al, 2012). However, opposite data were described 
by the Gould group (South et al, 2001) using a cold-sensitive 
S. cerevisiae sec61 mutant. 

Also, experiments reported by Kragt and colleagues suggest 
initial sorting of Pex3 to the ER (Kragt et al., 2005). In this study 
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FIGURE 2 | Schematic overview of peroxisome re-introduction in pex3 
and peroxisome proliferation in WT cells. The upper part of the cell 
represents the situation in pex3 cells. These cells contain vesicular structures 
that harbor Pex13 and Pex14, proteins of the receptor docking site. How 
these proteins are sorted to these membranes is unknown. These structures 
may derive by proliferation of pre-existing ones or be formed from the ER. 
The pre-peroxisomes are the target for re-introduced Pex3, which may reach 
these structures via the ER (1), upon incorporation in vesicles that derive 
from the ER and subsequently fuse with pre-peroxisomes (2) or sort directly 



a Pex3 variant was used containing an artificial ER signal peptide 
and cleavage site, which functionally complemented S. cerevisiae 
pex3 cells, whereas a similar construct in which cleavage of the 
signal peptide was blocked by a mutation did not. This result was 
interpreted by an inability of the uncleaved variant to exit the ER 
during de novo peroxisome formation. 

However, these studies and other studies were conducted at 
conditions in which the N-terminus of Pex3 was modified or in 



to them (3). With the presence of Pex3 at the pre-peroxisome, other PMPs 
can subsequently be taken up via the Pex3/Pex19 machinery. These include 
the ring finger proteins Pex2, Pex10, and Pex12, leading to the formation of a 
functional importomer. This allows uptake of matrix proteins resulting in 
organelle maturation and subsequent multiplication by fission as depicted in 
the lower half of the picture (WT situation). During growth the organelle is 
invariably closely associated with strands of ER. During cell fission Inpl is 
essential to dock the mother organelle to the cortex whereas Inp2 
determines the delivery of newly formed organelles to the bud. 



which PEX3 was not under control of its endogenous promoter, 
which could lead to artificial mislocalization. 

Analysis of mRNA transcript levels demonstrated that the 
expression of genes encoding peroxins/PMPs hardly increased 
at peroxisome induction conditions (Kal et al., 1999). Hence, 
overproduction is readily achieved which may lead to mislocal- 
ization. This may also be true for Pex3, when produced under 
control of strong inducible promoters, even when the ultimate 
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Pex3 levels do not exceed WT levels. This is related to the fact 
that the initial kinetics of the Pqal driven Pex3 synthesis strongly 
exceeds those normally occurring in WT cells via the endogenous 
promoter. 

Indeed, also data have been presented suggesting that the ER is 
not the target membrane for authentic Pex3. For instance, stud- 
ies by Matsuzaki and Fujiki, who analyzed in vitro insertion of 
Pex3 in different cellular fractions of Chinese hamster ovary cells, 
revealed that Pex3 only inserted in peroxisomal membranes, but 
not in microsomes or mitochondria (Matsuzaki and Fujiki, 2008). 
Similarly, in vitro experiments indicated that PMP24 was directly 
inserted in rat liver peroxisomes in a Pex3 and Pexl9 dependent 
manner (Pinto et al, 2006). 

Although the data reported by Kragt and colleagues, strongly 
suggest that Pex3 traffics via the ER (Kragt et al., 2005), a similar 
approach in the Erdmann group using a Pex3 variant containing 
artificial sorting information for the mitochondrial outer mem- 
brane protein, also resulted in functional complementation of 
pex3 cells (Rucktaschel et al., 2010). This at least suggests that 
Pex3 not necessarily needs to sort via the ER for de novo perox- 
isome formation. Moreover, for both experiments it cannot be 
excluded that a minor portion of the modified Pex3 escapes from 
sorting to mitochondria or ER. 

Moreover, two recent studies revealed that newly synthesized 
Pex3 targets to all pre-existing peroxisomes in WT yeast cells 
(Fakieh et al., 2013; Menendez-Benito et al., 2013). If under 
these conditions Pex3 would traffic via the ER, a vesicular trans- 
port pathway from the ER to pre-existing peroxisomes should 
exist. Indeed data have been presented supporting this possibil- 
ity (Motley and Hettema, 2007). On the other hand, to the best 
of our knowledge Pex3-GFP has never been localized to the ER in 
WT cells. 

As is clear from the above, both data indicating that Pex3 
directly sorts to peroxisomes or traffics via the ER to these 
organelles have been presented. A model explaining these seem- 
ingly contradicting observations could be that both at the ER and 
peroxisomes a Pex3 insertion machinery exists. Assuming that the 
ER insertion machinery has a lower affinity for newly synthesized 
Pex3 relative to the peroxisomal one, Pex3 will predominantly sort 
to the high affinity site at peroxisomes in WT cells. However, in 
cells lacking peroxisomes or at Pex3 overproduction conditions 
Pex3 will then (also) be sorted to the ER. 

In vitro protein insertion studies as well as in vivo experiments 
tracking (single) Pex3 molecules on their way to peroxisomes in 
WT cells (e.g., in pulse chase experiments and/or superresolu- 
tion fluorescence microscopy), will help to resolve this urgent 
question. 

PEX3 DEPENDENT PEROXISOME REPRODUCTION: AN ALTERNATIVE 
PATHWAY 

We recently re-investigated the location of Pexl4 in H. poly- 
morpha pex3 cells using high resolution immune electron 
microscopy and observed that the Pexl4-GFP spots in fact rep- 
resent vesicular structures located at the vicinity of mitochondria 
or ER, but never were found connected to these organelles. 
Comparable observations were made using H. polymorpha pexl9 
cells (Knoops et al, 2014). Using deconvolution microscopy, 



such structures previously were also observed in P. pastoris pex3 
cells. 

These recent studies revealed that the Pexl4-containing struc- 
tures in H. polymorpha pex3 cells contained, besides Pexl4, also 
Pex8 and Pexl3 and hence may contain a functional receptor 
docking site. However, none of the other PMPs tested (PexlO, 
Pmp47, Pexll) was observed at these structures, so a functional 
importomer was not formed. Hence, similar to matrix protein 
import mutants, pex3 cells apparently contain peroxisome ghosts 
that do not harbor all typical marker PMPs, but only a subset. 
This may add to the explanation why they were overlooked in ear- 
lier studies. The origin of these structures is currently unknown. 
We speculate that they could proliferate from pre-existing struc- 
tures, like assumed for other peroxisomal ghosts. Alternatively, 
they may form from the ER (Figure 2). If so, however, their 
formation is independent of Pex3. 

Interestingly, the Pexl4-containing structures, but not the 
ER, were the target for reintroduced Pex3-GFP after which 
these structures developed into normal functional peroxisomes. 
Moreover, we also observed that Pex25 and Pexl9, two other 
peroxins proposed to be involved in the de novo peroxisome 
formation, are not involved in the formation of the vesicles in 
pex3 cells. This new insight into peroxisome formation in pex3 
cells fundamentally differs from the generally accepted models 
and may stimulate further studies on the principles of de novo 
peroxisome formation. 

PEROXISOME REPRODUCTION IN INHERITANCE MUTANTS 

Cells of mutants defective in peroxisome segregation (inpl or 
inp2 deletion strains) temporarily lack peroxisomal structures 
detectable by FM (Fagarasanu et al., 2005, 2006). In these cells 
peroxisomes reappear shortly after budding is completed, pre- 
sumably by de novo peroxisome formation (Motley and Hettema, 
2007). So far, the reappearance of peroxisomes in inpl or inpl 
cells has only been studied using matrix marker proteins, but not 
PMP markers. Hence, it cannot be excluded yet that in these cells 
also small peroxisomal remnants occur, like in pex3 cells. It is 
important to solve this issue, using PMP marker proteins also 
including Pex3. If ghosts are fully absent, these mutants would 
be the preferred model systems for analyzing de novo peroxisome 
formation. 

Interestingly, upon deletion of PEX25 in S. cerevisiae inpl cells, 
the cells become peroxisome deficient, indicating that the de novo 
peroxisome formation process is blocked in these cells (Huber 
et al., 2012). Pex25 is also required for de novo formation in yeast 
pex3 cells upon reintroduction of the PEX3 gene (Saraya et al., 
2011; Huber et al., 2012). These data indicate that both de novo 
peroxisome formation processes depend on Pex25 and probably 
represent the same process. 

THE DISPUTED PMP SORTING MACHINERY 

As for the role of the ER in de novo peroxisome formation, also 
no consensus is reached on the involvement of the ER in traffick- 
ing of PMPs other than Pex3 to peroxisomes in WT cells. Current 
models range from PMP trafficking via the ER to direct post- 
translational insertion in peroxisomal membranes (Schliebs and 
Kunau, 2004; Menendez-Benito et al, 2013; Yagita et al., 2013). 
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In the first model Pex3 and Pexl9 play a role in the exit of PMPs 
from the ER. In the second one Pexl9 serves as a soluble recep- 
tor/chaperone that binds newly synthesized PMPs and is recruited 
to the peroxisomal membrane by Pex3 (Fang et al, 2004), fol- 
lowed by the insertion of PMPs by a yet unknown mechanism. 
According to this model PMPs are predicted to be cytosolic or 
mistargeted to other cellular membranes in the absence of Pex3 
or Pexl9. The fact that many PMPs physically interact with Pexl9 
strongly supports the second model. Also, the observations that 
the levels of many PMPs strongly drop in pex3 cells, and often are 
below the limit of detection, are in favor of this model. However, 
also many data in support of the first model have been presented. 

van der Zand and colleagues determined the localization of 
16 PMPs using fluorescence microscopy upon pulsed induction 
using Pgal which suggested that these proteins initially sorted 
to the ER (van der Zand et al., 2010). As indicated above, 
these experiments should be interpreted with care because of 
the strong, initial temporal overexpression due to using Pgal- 
Moreover, also in these studies the limitations of the relatively 
low resolution of fluorescence microscopy can easily result in 
misinterpretation of the data. The same authors also analyzed 
the localization of PMPs in pex3 cells and concluded that all 
accumulated at the ER. Careful re-inspection of the published 
images suggests that Pex8, Pexl3 and Pexl4 indeed were present 
in foci, whereas the other PMPs tested (Pex2, Pex6, Pexl 1, Pexl5) 
showed a very low, dispersed localization. We recently observed 
that also S. cerevisiae pex3 cells harbor Pexl4-containing per- 
oxisomal ghosts, like in H. polymorpha pex3 cells (unpublished 
results). Hence, most likely also in S. cerevisiae Pex8, Pexl3 and 
Pexl4 are present at peroxisomal membrane structures, whereas 
the other PMPs are instable and located to the cytosol. 

In line with initial ER sorting would be a role of the Sec 
complex in PMP routing. Indeed, upon in vivo depletion of Sec 
components, a portion of certain PMPs became soluble (van der 
Zand et al., 2010). Also, data have been presented showing that 
peroxisomal tail anchor proteins depend on the function of the 
Get complex. For instance, Schuldiner and colleagues showed 
that the tail anchored protein Pexl 5 mislocalized to mitochondria 
when a component of the GET complex was depleted. Moreover, a 
physical interaction between Pexl 5 and Get complex components 
has been demonstrated (Schuldiner et al., 2008). Conversely, how- 
ever, the insertion of the mammalian homolog of Pexl 5, Pex26, 
depends of Pexl9 (Halbach et al., 2006; Matsuzono and Fujiki, 
2006) and is independent of TRC40, the mammalian homolog 
of Get2 (Yagita et al., 2013). Also, insertion of the tail anchored 
protein Fisl in peroxisomal membranes was shown to depend on 
Pexl9 (Delille and Schrader, 2008). 

As argued before iorpex3 cells, in fact both pathways may exist 
simultaneously. In this view the final location of the PMP is deter- 
mined by the affinity of it targeting information for either the ER 
or normal peroxisomes. An alternative may be that — at least in 
part — different pathways exist, depending on marker protein and 
model organism used. 

For instance, our recent findings clearly show that the local- 
ization of Pexl3 and Pexl4 into peroxisomal membranes does 
not require Pex3. However, in the same cells other PMPs 
require the Pex3/Pexl9 machinery for stability and insertion in 



these membranes. This is supported by various data previously 
reported for S. cerevisiae and P. pastoris (Hettema et al., 2000; 
Hazra et al., 2002). 

Interestingly, also in human cells Pexl 3 was shown to be able 
to insert into peroxisomal membranes independent of Pexl9, 
whereas in yeast and mammals Pexl 3 is essential for the asso- 
ciation of Pexl4 with the peroxisomal membrane (Fransen 
et al., 2004). These data underscore that these two peroxins do 
not require the Pex3/Pexl9 machinery for proper membrane 
insertion. 

CONCLUSIONS 

Peroxisome proliferation at inducing conditions is heavily 
debated but in yeast consensus is achieved that in these organisms 
fission is the main mode of organelle multiplication rather than de 
novo synthesis. Also in mammals the major mode of peroxisome 
proliferation is most likely fission, although de novo synthesis may 
occur as well. 

De novo synthesis in yeast is observed in cells that lack per- 
oxisomes. This process is in particular studied in pex3 strains 
upon reintroduction of the PEX3 gene. Recent data however indi- 
cated that pex3 cells contain peroxisomal vesicles that form in 
the absence of Pex3 (Knoops et al., 2014). It was shown that 
in pex3 cells not the ER but in fact these peroxisomal vesicles 
were the target for Pex3 and the subsequent formation of per- 
oxisomes. However, various questions remain. For instance, it is 
unknown where the vesicles in pex3 cells originate from. They 
may arise by fission of existing structures but also form from the 
ER (Figure 2). In the latter view these in vivo data may com- 
plement recent in vitro studies in which pre-peroxisomes were 
formed from microsomal fractions (Lam et al., 2011) or in per- 
meabilized cells (Agrawal et al, 2011). Clearly, the in vivo data 
suggest a novel concept of peroxisome reintroduction in pex3 
cells and as such may promote future studies in this field. One 
approach may involve searching for novel proteins involved in de 
novo synthesis. A recent model that genetically separates de novo 
synthesis from fission may be useful in this respect. Two inde- 
pendent studies convincingly showed that mutants affected in 
fission or de novo synthesis do not display a peroxisome-deficient 
phenotype (Saraya et al, 2011; Huber et al., 2012). Only the com- 
bination of the two mutations as in a pexl 1 pex25 double mutant 
leads to the absence of peroxisomes. With this, an elegant screen 
is now available for identifying novel components involved in de 
novo synthesis by creating double mutants in a pexl 1 strain and 
select for peroxisome-deficient mutants. 

Finally, the principles of PMP sorting are far from solved 
and change from the view that all PMPs travel via the ER to 
the assumption that PMPs travel directly to the target organelle. 
Considering the current literature, it is likely that both pathways 
in fact exist simultaneously. In this respect it is relevant to study 
the effect of manipulating modulation the affinity of the two sort- 
ing signals proposed (either for the ER or the intact peroxisome) 
for their substrate organelle. This may help in understanding why 
the protein travels to the ER in peroxisome-deficient mutants but 
to the intact organelle at WT conditions. 

So far, most FM approaches used suffer from distinct draw- 
backs (i.e., overexpression effects) that do not allow drawing 
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unequivocal conclusions for WT conditions. Clearly, novel tech- 
niques are required, like pulse chase experiments to show the 
transient ER location of specific PMPs in conjunctions with 
high speed microscopy techniques to track the routing of these 
proteins. 
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